Thick molar enamel is among the few diagnostic characters of hominins which are measurable in fossil specimens. Despite a long history of study and characterization of Paranthropus molars as relatively 'hyper-thick', only a few tooth fragments and controlled planes of section (designed to be proxies of whole-crown thickness) have been measured. Here, we measure molar enamel thickness in Australopithecus africanus and Paranthropus robustus using accurate microtomographic methods, recording the whole-crown distribution of enamel. Both taxa have relatively thick enamel, but are thinner than previously characterized based on twodimensional measurements. Three-dimensional measurements show that P. robustus enamel is not hyper-thick, and A. africanus enamel is relatively thinner than that of recent humans. Interspecific differences in the whole-crown distribution of enamel thickness influence crosssectional measurements such that enamel thickness is exaggerated in two-dimensional sections of A. africanus and P. robustus molars. As such, two-dimensional enamel thickness measurements in australopiths are not reliable proxies for the three-dimensional data they are meant to represent. The three-dimensional distribution of enamel thickness shows different patterns among species, and is more useful for the interpretation of functional adaptations than single summary measures of enamel thickness.
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INTRODUCTION
Thick molar enamel is among the few diagnostic characters of hominins observable in the fossil record (e.g. Martin 1985; Strait et al. 1997) . Relatively thick enamel distinguishes hominins from thin-enamelled African apes, and enamel thickness is discussed in the seminal diagnosis of nearly every newly described hominin taxon (e.g. Leakey et al. 2001; Senut et al. 2001; Brunet et al. 2002) . Thick molar enamel is often associated with the mastication of hard or abrasive foodstuffs, although recent evidence indicates that enamel thickness may not relate directly to the primary dietary strategies of hominins (Ungar et al. 2008) . Although much is said about thick enamel in hominins, few fossil molars have been measured using standardized techniques. Previous studies employed tooth fragments or cross sections produced manually or via medical CT (e.g. Beynon & Wood 1986; Grine & Martin 1988; Macho & Thackeray 1992; Schwartz et al. 1998) . These cross sections were designed to yield proxy measures of the entire tooth crown, since medical imaging techniques were insufficient to record the whole-crown measurements at the time of their development (Martin 1985) . These twodimensional methods prohibit the examination of enamel thickness distribution over the entire molar crown (sensu Kono 2004; Olejniczak et al. 2008a) .
Recently, non-destructive three-dimensional micro-CT techniques have been applied to the study of enamel thickness in several taxa, including recent and fossil hominoids (Kono 2004; Tafforeau 2004; Olejniczak et al. 2008a,b) , recent humans (Suwa & Kono 2005) , Neandertals (Olejniczak et al. 2008c) and fossil Homo sapiens (Smith et al. 2006 (Smith et al. , 2007 . The australopith fossil record, however, has not been systematically studied using modern techniques (e.g. Macchiarelli et al. 2004) . Here, we measure molars of two australopith taxa (Australopithecus africanus and Paranthropus robustus), with the aim of documenting fossil hominin enamel thickness using a whole-crown, three-dimensional technique. We also compare twodimensional sections (analogous to those of previous studies) with three-dimensional data, to assess the impact of methodological differences on the enamel thickness measurements.
MATERIAL AND METHODS
(a) Study sample Fully formed and unworn fossil teeth are rare; but three-dimensional measurements require that the entire volume of the enamel cap is present with only minor breakage and attrition. From the Transvaal Museum and University of the Witwatersrand, 18 molars were suitable for measurement (table 1) . In some cases, molars from the same individual were included (e.g. STW 421a and STW 421b). Digital reconstructions of broken cervical enamel were made when necessary. Scans were produced with a Sky scan 1172 at 100 kV and 100 mA, with aluminium and copper filters. Voxel dimensions for each specimen were 13.98 mm 3 . Enamel and dentine were digitally segmented; virtual models depicting the three-dimensional distribution of enamel were created (figure 1). Comparative data for extant primates derive from Olejniczak et al. (2008b) ; modern human and Neandertal data are from Olejniczak et al. (2008c) .
(b) Three-dimensional measurements Enamel thickness data were recorded for each molar as follows: enamel volume (mm 3 ), coronal dentine volume (mm 3 ) and enameldentine junction (EDJ) surface area (mm 2 ). Two indices were calculated as follows: average enamel thickness (three-dimensional AET; the volume of the enamel cap divided by the surface area of the EDJ, yielding the average straight-line distance between the EDJ and the outer enamel surface); and relative enamel thickness (threedimensional RET; three-dimensional AET divided by the cube root of coronal dentine volume, then multiplied by 100, yielding a scalefree enamel thickness index suitable for intertaxon comparisons). ) and EDJ length (mm). Average enamel thickness (two-dimensional AET) is the area of the enamel cap divided by the length of the EDJ, yielding the average straight-line distance from the EDJ to the outer enamel surface. Relative enamel thickness (two-dimensional RET) is two-dimensional AET divided by the square root of coronal dentine area, then multiplied by 100, yielding a scale-free index suitable for interspecies comparisons.
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thickest thinnest (d) Statistical analysis Species differences in three-dimensional AET and three-dimensional RET were tested using the rank-based Kruskal-Wallis test with post hoc comparisons. Bootstrap resampling was performed on species mean values of three-dimensional AET and three-dimensional RET to determine confidence intervals (electronic supplementary material (esm)).
RESULTS AND DISCUSSION
Among hominins, P. robustus has the thickest enamel on average (two-dimensional AET and three-dimensional AET). Interspecies overlap in three-dimensional RET is abundant (figure 2), but statistically significant differences are apparent. Paranthropus robustus has significantly greater three-dimensional RET than all taxa except H. sapiens; A. africanus has significantly thinner three-dimensional RET than other hominins except Homo neanderthalensis (esm). The P. robustus molars derive from three localities and (potentially) three different geological ages, but relative enamel thickness does not appear to differ substantially among localities (table 1). The australopiths evince no clear differences in three-dimensional AET and threedimensional RET among tooth positions, although small sample sizes prevent rigorous intrataxon analyses.
Measurements in two and three dimensions yield different results (table 2) . Three-dimensional RET shows that H. sapiens and P. robustus have similarly thick enamel, while A. africanus and H. neanderthalensis have thinner enamel. However, two-dimensional RET is greatest in P. robustus, followed by A. africanus, H. sapiens and H. neanderthalensis, in rank order. Enamel distribution maps show that australopith molar enamel is thickest over cusp tips, while recent humans have thicker enamel surrounding cusp bases (figure 1). Previous studies employed cross sections deliberately made through cusp tips; hence the thickness of molar enamel is exaggerated in those sections. Our twodimensional results are similar to those of Grine & Martin (1988) , but such cross-sectional proxy measures do not reliably predict three-dimensional enamel thickness in these australopiths. The 'hyper-thick' category devised to accommodate P. robustus (Grine & Martin 1988) is not warranted when three-dimensional data are considered (figure 2).
Categories erected by Martin (1985) classify hominin molar enamel as relatively thick compared with that of African apes; this dichotomy is widely employed in studies of late Miocene and early Pliocene taxa (e.g. White et al. 1994; Suwa et al. 2007) . Our data partially support a 'thin' versus 'thick' dichotomy, although overlap between species limits the diagnostic use of three-dimensional RET ( figure 2; esm) While enamel thickness is not necessarily useful for australopith taxonomy, the pattern of molar enamel distribution may yield valuable data for the Australopith enamel thickness A. J. Olejniczak et al. 409 interpretation of molar adaptation to diet. Among taxa studied in three dimensions, thick enamel over cusp tips is unique to these australopiths and Gigantopithecus (Olejniczak et al. 2008a) ; these taxa also exhibit relatively short dentine horns (ESM). Thick cuspal enamel coupled with short dentine horns results in a tabular occlusal surface; this molar configuration probably increases molar longevity in response to abrasive diets in small-object feeders, and prevents the formation of cracks at the enamel-dentine junction in large-object feeders (Lucas et al. 2008) . Moreover, our observation of thicker enamel at cusp bases in H. sapiens may relate to the distribution of masticatory forces (e.g. Macho & Spears 1999) . Although the australopiths studied here share a similar pattern of enamel thickness distribution, differences in their overall enamel thickness are consistent with previous studies reporting the dietary differences between these species (e.g. Scott et al. 2005) .
